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C. A. Coulter and K. E. Thomas

Los AlamosI National Laboratory, Safeguard Systems Grobp
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Abstract

A general-purpose model that was developed
to simulate the operation of a chemical processing
facility for nuclear materials has been extended
to describe material measurement and accounting
procedures aa well. The model now provides de-
scriptor for material balance areas, a large
clasa of measurement instrument types and their
aaaociated measurement errors for varioua classee
of matarials, the ❑easurement instruments them-
selves with their individual calibration sched-
ules, and material balance closures. De1●yed
receipt of measurement results (as for off-line
analytical chemistry assay), with interim uae of
a provisional measurement value, can be accurately
represented. The simulation model can be used to
estimate inventory difference variances for proc-
eeding araaa that do not operate at #teady state,
to evaluate the timeliness of measurement informa-
tion, to determine process lmpacta of measurement
requirements, and to evaluate tha cffactiveness
of diversion-detection algorithms. Such inforroa-
tion ia usually difficult to obtain by othar
means. Uae of the measurement simulation model
is illustrated by applying it to ●atimato inven-
tory differrnca vsrlancea for two nmtarial balance
area atructureo of a fictitious nuclaar material
proceuaing llne.

1. Iutroductiom

‘The Safeguards Syatema Group haa bc.n ●ngag,d
for some tima in thd development of ● cornputar
simulation model for the Loa Alamoa Plutonium
Facility, and we have pr~vloualy r~ported on ●oma
of the t’eatur~t of this mod@l.l The model hat
been detignad to permit simulation of facility
operation fit almoat any desired lQVQ1 of detail,
from groaa-acalo raprasentmtiona where tho “unit
proceasefi” ara entire proceaa lirros ●nd the time
ctcpo ar~ maaaured in wsek~ or mnntha to fine-
ocale descriptions in which ave;y item of proceaa
equipment, every procema atop, md evary operator
procodure ● re ●ccounted for in dgtall, In #,dd~-
tion, thou#h the timulatlun model w~s developad
#poclflcally to model the Plutonlum Facility, wo

—— —--------.—. -.
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have constructed it so that the facility descrip-
tion used by the model is contained entirely in
data files. As a consequence tha simulation model
ie generic in character and can be applied to any
nuclear material processing facility that haa a
procasa logic similar to that of tha Plutonium
Facility by simply constructing the appropriate
data files. This generic character of the model
ia damonatrated in Ref. 1.

We hava now extendad the model to permit the
simulation of material meaaurementa, material bal-
unce cloeures, invantoriea, and othar operation
ralated to mntorial accounting, In keeping with
tha spirit of the previous version of the model,
we have structured the accounting and maaaurament
additions to the model so that all facility-
speciflc accounting and maaaurament information
is also contained in data files, In the following
sactione we shall discuss the motivation for simu-
lating matarial meaauren~nta, describe tha rrrea#-
ureroent enhancerrranta wa have made to the model,
an(i praaent the results of an example application
of the exLanu-4 simulation model,

2. Uhy Stiata Heaaurememte?

All facilities posaesaing ●ignlficant quan-
tities of ●paclal nuclear materiala (SNM) ara
roquird to maintain material measurement, and
accounting programa ●nd to meet certain standarda
with raapact to tha accuracy and t~malinens of
material ac:ountinc information. The two mathods
moat oftan used to estimate the accuracy of mate-
rial accounting information ara simulation and
propagation of errora$ On comparing these two
methods ono finds that there are ● number of rrlg-
nificarit ●dvantages to the uaa of a meaauramet,t
simulation approach, particularly when--aa in tha
caae deacribad here-- the maaaurement simulation
appeare in the conttxt of a detailed procaaa almu-
Isticm and all facility information la contained
in data filee, Thase ●dvanttigee of the simulation
approach include the followin~l

1. Shnulation can be uaad to detarmino Limlta of
error of inventory dlfferoncem (LF,IDs) for
non-ataady-stata procoas operation.

2, Simulation can provid~ information cm the
timelineaa of maaaurcment re~ulta,



3,

4.

5.

6.

7.

Simulation gives information on the process
impacts of measurement requirements, including
operator time utilization and delays due to
measurement instrumentation bottlenecks.

Correlation effects are automatically ac-
counted for in simulations, and require no
special consideration. In addition, arbitrary
instrument calibration schedules can be used
without difficulty.

Simulation allows one to use a variety of
process holdup modelr with different holdup-
model chcices for different items of process
equipment. Furthermore, process cleanouts
can be scheduled at ={11. One can estimate
the anticipated etiects of holdup on inventory
differences (IDs) after process cleanout or
upon startup of a new facility.

The choices of measuring instruments, bound-
aries of material balance areaa, etc. , can be
varied easily to aid in evaluating possible
improvements to the material accounting sys-
tem.

The fneasursment simulation can serve as a
realistic test bed for decision-making algo-
rithm for the detection of material diver-
sion.

The simulation method also haa disadvantages
relative to the propagation-of-errors approach,
including the following:

1. Simulation usually requires much mor~ facility
information than does the propagation-of-
errors approach,

i. Determination of LEIDc by simulation requires.

a great deal more computer time than does tt(e
propagation-of-errors method,

l-or these reasons it is often appropriate to use
Lhe propagation-of-errors approach in preliminary
design and scoping studlss and to employ simula-
tions of the kind described here for more detailed
evaluation of final de$lgns or of existing mate-
rial accounting systems,

3* Accountin8 and f%asurernnt Ulementa of
the Skulatiou MOdl

‘rhe facility simulation model as previously

constructed already contained ● rathar complete
representation of material procesalng procedures,
including unit proce~s operatlona, material flows
and traneformationo, and operator utilization.
In order to aloo permit almulatlon of material
meaaurem~nts and other material accounting proce-
dures, we have added deacri,ptlono of the following
alementa to the model.

Material balance areas, Any number of mate-...... . . .. .—.—.-._._ ....-—
rial balance areas (Mt3Aa) may now be defined for
tha facility. Every vault area and in-proceea
ttorage area must be asslgnad to an MBA. Each
qBA has lta own balance closure schedule, and the

frequency of balance closures currently can be
daily, weekly, biweekly, monthly, bimonthly, semi-
annually, annually, or biannually.

!?easuring instrument typ 6!s . Any number of
measuring instrument types can be defined for the
facility. Each meaauring instrument type can have
an arbitrary number of material accuracies speci-
fied for it. Each mater~al accuracy describes the
accuracy characteristics of the measuring instru-
ment type for some subset of the SNM categories
processed by the facility and has associated with
it a ~cision uncertai~t~, a calibration uncer-
tainty, a measurement time duration, and a delay
period between the time the measurement is per-
formed and the time the measurement result is
available. The precision and calibration uncer-
tainties each connist of two random distributions,
one for the additive error and one for the multi-
plicative component ! the error. The possibility
of a delayed measurement result is provided to
describe such measurement procesaea as “wer. chem-
istry.”

~easuring inatrumenta. An arbitrary number
of meaauring inetrumen~an be provided for the
facility. Each meaauring inacrument must be of
one of the types defined for the facility, and
haa its own individual calibration schedule. The
calibration frequency can be any of the choices
specified above for material balance closures.

When a measuring lnatrument is calibrated at the
beginning of program execution or at a subsequent
scheduled calibration, the additive and multipli-
cative calibration distributions for the instru-
ment type are used to generate a calibration error
for every material accuracy claaa; and these cali-
bration errors are retained until the next cali-
bration. When the meaauring instrument ia used
to perform a measurement, the additive and multi-
plicative prerision diatributiona for the appro-
priate material accuracy ‘clase of the instrument
type are used to produce a precia!on error, and
this la combined with the current calibration
err,,r for ths material wjcuracy cla~s to yield
the total error in the muaaured value,

SNM/bulk determination methodn. One or more
SNM/bulk determination methoda=n be apecifled
f@r the feeds and product~ of each unit proceaa.
Each SNfY/bulk determination method ean specify a
measurumont or combknstlon of meaaurementa to de-
termine total SNtl or SNN concentration, and a
measurement or combination of measurements to de-
termine material bulk, The specific maaaurlng
instruments that may be used for each measurement
csn ba apecifled. One of the SM’I determination
methods thrnt may be cpeciflad is “weight tlmee
factor.” When ~he final SNM measurement result
for a detdrmin~t.lon method will b~ delayed, the
method can upeclfy a measurement or combination
of meaturemenka to determine a provliional SNM
value.

Fead&o~uct moaaurement ~ecificationc, one.— ----— ---— .—-. ..—-. . .. . . ,. .
or more SNM/bulk riotermlrmtion n)ethoda CJIII be
apecifled [OF ~ach feed and product category for
every unit procese, When a (by-)product must be
accumulated ovac” aevarml operating cyclen of a



unit process to generate a batch, S>RI/bulk deter-
min.+ cion methods may be specified for the incre-
ment from ee.ch cycle, for the batch, for both, or
for neither. If more than one SNM/bulk determina-
tion method is given for a material, these are
tried in order until a method is found for which
at least one of the required measuring instruments
is available.

The addition of this set of elements to the
simulation model has proved to be adequate to
provide a flexible and detailed description of
measurement and accounting procedures in an SNM

processing facility. In tt? next section we shall
illustrate this by describing simulations that
were performed for a fictitious nuclear material
processing line.

4. Application to an Example Process Line

In Ref. 1 we described the application of our
simulation model to two versions of a fictitious
pyrochemical. process line for converting plutonium
oxide to pure plutonium metal. We shall use the
simpler of these process-line versions here to
illustrate the simulation of material metisurement
and accounting procedures. The example py~ochem-
ical process line is shown schematically in Fig.
1. Plutonium oxide from the vault is converted

VAULT

* Crucible

OXIDE
REDUCTION @ DCIR

Solts

I I impure

L~l
metal

VACUUM
CASTING

1anode

ELECTRO–

E

CR Salis
Anode Heel

REFINING Crucible

puw metal

rig, t.
Schematic re~~resentatlon of a fictitious
pyrochemicnl processing l~no for converting
plutonium oxide to pura plutonlum metal,

Table L. Feeds and products of the unit processes
in the fictitious plutonium processing
line.

Process Units Feed praducts Destination

DOR 5 Oxide Impure metal CASTING*
DOR salts Waste
Crucibles Waste

CASTING 1 Imp metal Anode ER*
Oxide DOR*

ER 1 A:ode Pure metal Vault
Anode heel Vault
ER salts Vault
Crucibles Waste

~the vault

to impure plutonium metal in one of five direct
oxide reduction units (Doft)o This impure 11”’al
is sen< to a vacuum casting unit (cASTING), where
a batch of the impure metal is accumulated and
cast into an anode. l’he anode is sent to the
electrorefining unit (ER), where it is converted
to pure metal. Impure metal that cannot be
accepted by CASTING and anodea that cannot be
accepted by ER are sent to the vault. CASTING
produces plutonium cxide as a by-product, and this
oxide ia recycled to DOR. In addition, DOR and
ER produce byproducts that are sent to the vault
or to waste stora8eo Tha feeds and products of
each of tha unit processes are shown in Tabl? 1,
Assumed batch sizes and proceaslng time require-
ments for tne unit processes are given in Ref. L.

The measuring instrument types used in the
simulation, the number of instruments assumed for
each type, and the calibration frequency for each
instrument are shown in Table 2. The material
accuracies used for the ganmta spectrometer are
given in Table 3, as an example of the types of
information that may be specified. All calibra-
tion and precision uncertaintlee were assumed to

be purely multiplicative except those for the bal-
ancee$ which were aaeumed to be purely additi~:e.

Table 2. The instrument types, numbers of instru-
ments, and calibration echedules used in
the simulation,

.— .—.

Calibration
Instrument Type Number Schedule

Balance 2 Weekly
Calorimeter 2 Monthly
Chemistry 2 Weekly
Canuna spectrometer 1 Monthly
Neutron counter 1 Bimonthly

.-— ——..—— .. .. .. .-



Table 3. The material accuracies assumed for the
ganmla spectrometer. All uncertainty
distributions were assumed to be normal
with zero mean, and additive precision
and calibration errors were taken as
zero.

Multiplicative Multiplicative
Materials Calibration Error Precision Error

Std Deviation Std Deviation

ER salts, 0.05 C.02
DOR salts

Oxide, anode, 0.005 0.01
anode heel

Crucible 0.15 0.1

The source of feed material for the process
line was an initial inventory of plutonium oxide
in the vault. The oxide items withdrawn from the
vault were given errors in their mass aud SNM
values typical of measurement by weighing and
chemical analysis. Because all items entering
processes had reasonably good meaaured valuea from
previous process atepa or the vault, no feed meas-
urement were made. The SNM determination ❑ethods
used for the products of the unit procesaea are
shown in Table 4.

Because of the srmlll size of the process
line, only three MBAs were initially used in the
simulation: one for the vault, one for waste
storage, and one for the entire process line con-
taining the DOk, CASTING, and ER units. Each MBA
area had a monthly balance closure, performed late
in the day on the last day of the month. Because
only the proceaa MBA contains material measurement
points, it is the only one of the three MBAa that
can have a nonzero ID arising from mearnurement
uncertainties,

Operation of the fictitious facility was
simulated for a seven-month period from 12/1/86
to 6130/87. The simulation waa begun with no
feed for CASTING or ER, ao the firat month of
simulated time was used to eatabliah a (rela-
tively) steady procasa state; and only the mate-
rial balance closures for the last six month- of
the period were used in evaluating IDs. The be-
gf.nnir,g and ending inventories and the SNN addi-
tions and removala found [or the pc~ceaa MBA for
each of these six balance period- are shown in
Tablu 5,

Table 4. SN?l/bulk determinations for the products
of the unit processes. only the SNM
measurements are show,; each determina-
tion also uses a mass measurement on one
of the two balances. Increment measure-
ments are those made for the output of
a single process cycle when several
process cycles are requi-ed to form a
batch.

Unit Process Increment SNM Batch SNM
Material Measurement Measurement

DOR
Impure metal None

DOR salts None

Crucible None

CASTING
Anode None

Oxide Weight times

factor

ER
t’ure metsl None
Anode heel None

ER aalta None

Crucible None

Weight times
factor

Neutron countj
ganxna apec

Neutron countj
ga.nms spec

Calorimetry/
gamns apec

Calorimetry/
ganzna spec

Chemistry
Calorimetry/

gsumna apec
Calorimetry/

gemna spec
Neutron countj

gsnzns spec

Tablo 5. Matariul balanco closure figures for the
procoas MRA of the fictitious pyrochem-
ical process lina for aix monthly balance
parfods [n tho lntarval 1/1/87 through
6f30187. Bocausa of rounding, soma of the
IDs diffar by ona unit from tho valuea

calculated from the inventory information
s hewn.

Initial Final
Period Inventory Additions Inventory Rem-#ala

(g Pu) (g Fu) (g Pu) (g Pu) (%)

1 12 364 122 lb7 21 033 113 25k -204
21 033 107 673 18 442 109 975 -289

: 18 bk2 114 322 17 739 115 229 2ob
b 17 739 103 576 19 b30 103 811 126
5 19 630 100 163 20 682 99 125 15
6 20 682 113 835 15 963 L18 975 423

The sample variance for these six IDs is
C9 860 gz PU4 corresponding to an estimated
ttandard deviation of 278 g Pu foz the ID (aasuin-
ing the IDs are normally distributed), This
atant!ard deviation 18 a malt fraction of monthly



material throughput for the process MBA, a result
of the fact that the measurements for all the
feed entering the .MBA and mast of tt,e products
leaving the MBA are high-accllracy measurement

(chemistry) on good-quality material (oxide and
pure metal).

Table 6. Material balance closure figures for the case
of two process M8As for six monthly balance
periods in the interval 1/1/87 through 6/30/87.
Becauae of rounding, sonm of the IDs differ by
one unit from the valuea calculated from the
inventory information shown.

We shall give one other illustration of the
use of the ❑easurement simulation model by examin-
ing another configuration of process MbAa for our
fictitious facility. Let us suppose that spatial
contiguity considerations at tt,e facility dictate
that the DOR units be placed in one MBA and the
CASTING and ER units in another. It requires
less than a ❑inute’s time to alter the facility
data files for the previous case to reflect this
revised MBA structure, and after the same seven-
month simulation has been run one obtains the
balance closure information shown in Table 6.,
The estimated variance of the MBA containin DOR,

fbased on the six results shown, is 7342 g , and
the estimated variance for the MBA containing

CASTING and ER is f49 784 gz. However, an inter-
esting new feature has appeared: it is apparent
that there are biaaes in the ID values for the
two mBAa. Refe:ence to Table 4 shows that the
SNM in the impure metal transferred from DOR to
CASTING is determined on a weight-timss-facto:
bash, and the factor used is clearly not qllite
large enough. Tha error in the factor used by
DOR did not make itself evident for the previous
:hoice of MBAs becauae there it did not appear in
neasured valuea of items creasing MBA boundarie~.
ro eliminate the bias one could now adjust the
value upward slightly, run additional aimulationa
~nd check the ne~ IDs, and continue this adjust-
ment process until the bias becomes negligible.
\n alternative approach would be to evaluate ncw
HOl determination methods for the impure-metal
]roduct of DOR that are cot so prone to biaa.

5. Discussion

[n the preceding section of this pkper we
lave described two Jimple applications of tho
wterial measurement and accounting featuree of
:he enhanced simulation model. The infanmtion
~bout IDE from these simulations that we have
~resented here 1s only a mlnuncule part of the
measurement information that was actually gener-
Ited during the aimulations$ and in fact the esti-
utea of variances for MBA IDs (though not the
Iiases) could have been obtained eaaily in this
a.se by a propagation-of-errors approach. How-

,ver, if we had wished to do so, we could have
~ccetoed additional detailed simulation informa-
tion about thot’uandm of individual measurements

Initial Final
Period Inventory Additions Inventory Removala ID

(g Pu) (g Pu) (g Pu) (g Pu) (g Pu)

MBA containing DOR

1 k 037 94 085 4 092 93 590
2 k 092 81 932 4 12s 81 658
3 4 125 E5 961 k 000 85 616
k k 000 9& 305 4 046 93 923
5 k 046 86 078 b 043 85 752
6 k 043 90 097 4 099 89 729

i’48A containing CA8TINCand ER

1 8 156 97 535 16 955 88 705
2 16 955 85 937 14 136 88 569
3 14 136 81 280 13 563 82 206
1+ 13 563 79 803 15 387 78 15b
5 15 387 76 280 15 68? 76 187
6 15 687 84 977 11 660 99 394

-442
-240
-.469
-337
-329
-312

- 31
-187

354
176
207
390

performed during the course of the simulations,
inciuding when and where each measurement was
performed, by whom, and what the measurement error
was. In addition, we could have examined every
transfer of materials between MBAs to determine
the time of tranafer, the materiala transferred,
and the operatora involved in the trarisfer. Addi-
tional information could have been obtained about
maasuring iustrumant usage and measurement bottle-
neck, the times delayed-maaaurement resulte were

:’ucei~~d and applied to update MBA records, etc.
This abundance of detailed measurement and ac-
counting information provided by simulation per-
mi:a onc to make a more comprehensive study of the
~xp~utqd opeA.stingCharacteristic of the material
accounting system by this method than by any other
approuch txccpt c.xtensive observation and experi-
mer,tatio,l in the facility itself.
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